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INSTITUTE OF HYDROLOGY 
Report No.11 July 1971 
REPORT Ofl FRECf PITATIOH 
by John C Rodda 
A ' s t a t e  of the art '  report prepred on behalf of the Committee on 
Precipitation of Internat ional  Association of Scientific Hydrolow, 
fur t he  Moscow General Assembly, August 1971. 
'What happem t o  the rain' is without a doubt the shortest definition of 
the science of hydrology. 'The rain and what happeas to itf is 
probably mom apt and a definition that demonetrates better the 
imporbaace of this flux. This importance is, of course, generally 
recognised, both nationalJy and internationally. Apart from the work of 
the International Association of Scient i f ic  Hydrologists and its 
Comittee on Precipitation, there are those activities stemming from the 
several resolutions adopted by the Coordinating Council of the Inter- 
national Hydrological Decade. Some of these resolutions have been taken 
up by the W o r l d  Meteorological ~rganisatioa which has vorking groups of 
i t s  own that are active on a vwie ty  of problems concerned w i t h  
precipitation. National IHD programmes include studies of precipitation, 
measurement, network design, frequency of intense rainfall and assess- 
ment of probable mima p ~ c i p i t a t i o n .  Outeide the I H D ,  work on 
precipitation is being carried wt in a variety of disciplines ; 
ecologis ts  me studying the nutrient supply in rain, the occurrence of 
heavy rain dvring the sheep breeding seaeon is of interest i n  a n i m a l  
husbandry studies, hail and ite supmssion are vital to 
viticulture, while comauni cati one engineers are investigating 
how precipitation interferes with the propagation of microwaves, 
The f i e l d  is vest and not one that  can be covered adequately in 
a few pages, hence this report concentrates on subjects that a r e  
considered most central t o  hydrology. Topics of a specialised 
nature, or ones involving an al l i ed  discipline, are not included, * 
such as radar measurement of rainf d l  (~ess ler  and W i l k  1968), 
rainfall stimulation (~eiburger 1969) , time series analysis 
( ~ n e ~ e r s  1964) , rainfal l  simulation s race and Eagleson 1966, 
Raudkivi and Lawgun 1970) and inadvertent ~ a i n f  a l l  regime 
modification (~hangnon 1969). 
2. W U R E M E N T  AT A POINT 
Although the subject of precipitation measurement has a long 
history and a voluminous literature (Kurtyka 195 3 ,  Israelsson 1967) , 
awareness of the significance of the conventional type of 
instrument's shortcodngs has grown only during recent years. f t 
is now being recogniaed that measurements of precipitation, 
particularly rainfall, are neither reliable nor accurate and that 
hydrologists have been misled in assuming that they are 
Large numbers of comparisons of different types of raingauge have 
been undertaken at various sites  oncele let 195pa, Jaquet 1960, 
McGuinness & Vaughan 1969) and there has also been an international 
comparison based on the  interim reference precipitation gauge 
(~oncelet  1959b, WMO 1969). Different sizes of gauge (Kalma et at. 
1969) and different shapes ( ~ d d e n a  1965) have been tested. Rain- 
gauge readings have been compared w i t h  lake level measurements 
(Harbcck & Coffay 1959, Kkarbaum & Klinkar 19661 and lysimter 
records (McGuinness 1966) and have been found t o o  l ow.  However, 
recognition that the chief source of error, namely wind, causes the 
normal type of elevated gauge t o  under-register in a systematic 
fashion has l e d  to the use of the p i t  gauge (struker st aZ. 1965, 
Rodda 1967). This instrument, which is particulerly suited t o  the 
measurement of rainfall ie being used in a new VMO international 
programme of raingauge caparisons . 
2 *2 SNOWFALL MEASUREmNT 
The effect of wind on a gauge is even larger in the case of 
snowfall, resulting in greater difficulty in obtaining more 
nearly true measurements of snowfall than rain, It has been 
estimated frm the mter balance in one region where snow is a 
very important component of precipitation, that there is s 
systematic annuel error of about 20% in the assessment of 
precipitation ( F i n e  1969 . Snow gauges in sheltered 
surroundings are employed as reference instruments in so= 
countries (~ryrraev e t  aZ, 1965), while the profile method, which 
uses p a i r s  of gauges st different levels, one shielded and the 
other unshielded, has been tried in others (~nmon 19'10). Measure- 
ment of snow on the ground is of course much simpler than catching 
snow as it falls, but th i s  too h a s  its problems ( McKw 1968 ) . The 
use of snow courses and the sampling of cores are w e l l  known 
techniques, as are devicea like snaw platforms and snow boards, 
Radioisotope gauges haw been employed in remote areas and these 
axe often telemetering , while neutron scatter devices have been 
employed for enow density determinations (~anfors et' uZ. 1962). The 
technique of measuring the attenuation of t h e  natural radioactivity 
of the soil by the snow lying on it has been developed for deter- 
mination of snow depth (Zotimov 1965) and n m  aircraft are being 
used for these surveys ( ~ a h l  and Odegaard 1970, Peck e t  a l .  1970) . 
The anow pil low, despite i t s  draw-backs (Beaumont 19681, seems to 
be the instrument that provides the best information' 'on the timing 
and amount of snow and is now in use at a number of sites (&@an 
1966, Tollan 19701, some with telemetering facil it ies (Shannon 1968). 
A possible alternative is the snow wlt  lysimeter, An instrument 
for snow, equivalent to the p i t  gauge, has yet to be devised however, 
while techniques for the measurement of h a i l  (Voronov 1967) , dew and 
the other minor forms of precipitation have to surmount even more 
dif f icu l t  problems. 
2.3 SOURCES OF ERROR 
Aerodynamically designed gauges (Poncelet 1962), aome developed 
from wind tunnel t e s t s  (~obinson & Rodda 1969), are a possible 
alternative to p i t  gauges, but there is the problem of how t o  
obtain a performance that is reasonably constant for a l l  
combinations of turbulent wind flow w i t h  different drop s i z e  
spectra. mere are, of course, other sources of error that affect 
a gauge. Splash-in has been investigated (Struzer & D1jackova 1966, ' 
Struzer et a$. 1968) togetxer w i t h  the lateral travel of splashes 
determined in the f i e l d   reen en 1969, Green 1970). The loss due t o  
wetting of the funnel of certain types of gauge has also been 
assessed (Necaev 1965) and 8 correction made for evaporation of the 
collected water ( ~olubev 1960) , 
2.4 CORRECTING FOR ERRORS 
As a consequence of these studies of gauge errors, some countries 
have adopted a new type of gauge for their national networks (&a& 
1945, S truzer 1965b ) , while countmi de maps have been constructed 
to show haw the difference between precipitation at gauge he igh t  and 
at ground level is distributed (Struzer e t  aZ, 1968, R d d a  1970). 
Few sttemps have been made t o  assess the precipitation over the 
world's oceans, regions where gauge errors would probably be even 
greater than for the most diff icult  land areas. 
2 *5 AUTWATIC AND OTHER INSTRUMENTS 
A number of new types of recording raingauges have been devised such 
as the one w i t h  a measuring chamber drained by a magnetic valve 
(Karkuflen 1965) and instmatents are available commercially that 
record on punched paper tape or magnetic tape. In addition, vecto- 
pluvio~leters continue t o  be employed at a number of sites (Meyburgh 
& Wicht 1966), while more specialised devices have been 
produced, such as the one for determining raindrop s i z e  
(Joss & Waldvogel 1967). Some i n d i r e c t  methods of measurement 
of precipi ta t ion have also been devised, such as by use of 
optical attenuation (~arner & Gunn 1969) and by capacitance 
changes (Semplak 19661, but their weakness is that they rely 
on bucket-type gauges f o r  their calibration, 
3. NETWORKS 
The majority of precipitation networks have developed in a 
haphazard fashion and few are adequate in terms of density of 
inst-nts and length of recorda . There was,  however, a 
symposium on the Design of Hydrological PJetvorks in Quebec in 
1965. There are also available a number of compP~hensive reports 
on networks such as those published by WMO (Kohlex 1958, Rodda 
st aZ. 1969) and a number of accounts of the design and operation 
of networks in individual basins (~ami l ton  1954, Wicht e t  a$, 
1969). A l t h o u g h  some papers deal with network design for snow 
depth determinations (Hegedus & Seesztay 1967, Orstrem & Stanley 
19691, the majority are concerned with rainfall .  Maturdly there 
are differences between network designs according t o  objectives, 
for example, f lood warning as opposed to surveying water resources. 
Most networks, however, must be classed as multipurpose, but which- 
ever objective is paramount, the problems of design are similar. 
These problems may be stated as follows: 
i. H o w  many s ta t ions  are required? 
ii. Where are the stations t o  be located? 
iii. H o w  long should they operate? 
There are a number of objective methods of answering the first 
question, fewer ways  of replying to the second, and hardly any 
means  of deciding when stations should cease operating. In addition 
there is the need to translate the information content of the 
data i n t o  its economic worth - a subject rarely treated. 
3.1 NUMBER OF GAUGES 
There are various methods of antalysing the rainfall records from 
a network t o  derive a parameter, such as the variance, then 
relating that pmameter to the number of gauges, and the required 
accuracy of estimate of the man (~ycrof t  1949, McCulloch 1961, 
Panchang and Narayaaan 1962, Sutcliffe 1966, Stephenson 1967, 
Herbst & Shaw 1968) . A variant of this approach is t o  'saturate' 
a basin w i t h  gauges and to compute the error t h a t  results frm 
employing only a small number of the  gauges ( ~ u f f  & Ie i l l  1957, 
McGuinneas 1963, Nicks 1965). Thia approach assumes, of course, 
that the true mean basin ra infa l l  is given by t h e  dense network - 
a questionable assumption. 
3.2 SPACING OF GAUGES 
The spacing or location of raingauge6 is dealt with  in other papers, 
the use of correlation analysis being f avaured recently, (Hershf ield 
1967, Holland 1967). Networks in different are- and different 
periods of observations in the same network have been investigated 
in terms of the decay of correla t ion between gauges. Factors other 
than distance between gauges, such as altitude differences, have also 
been considered (~utchinsm 1969). The use of primmy and secondary 
stations is advocated as a method of establishing spat ia l  patterns 
more readily and the optimum duration for secondary stations has been 
assessed (Lmgbein 1960). It has been postulated however, that some 
of the apparent variability of rainfall  across small areas raw be due 
to the exposure of raingauges (Hamilton 1954) and to faults in the 
performance of the gauges themselves (Rodda 1970) , The various 
nuthematicel models of basins that have been developed t o  predict 
runoff might be optimised on the hydrological network rather than on 
t h e  runoff, particularly the rainfall network, so that the 
minimum error would result. Alternatives are the use of spectral 
analysis (Eagleson & Shack 1966) and sampling theory (Eagleson 
1967), Another approach is to calculate the standard error of 
the m e a n  basin rainfall  using a covariance fac tor  amongst raingauges , 
to use a Lagrangian multiplier technique to minimise the variance 
and to optimise allocations of gauges (Sun Fu Shih et a t .  1970). 
However, a l l  these methods require data from networks of gauges that 
have been in existence for some time. lo method h a s  yet been devised 
that w i l l  permit determination of the number of gauges required for 
a basin which has no records. 
3 3 SmC IAL WET WORKS I NC LUDIBG THROUGHFALL NETWORKS 
Basin scale and countrywide networks are not the only ones that have 
received a t t en t ion ;  there are the special purpose networks covering 
small areas that are designed for sampling the var ia t ions  in t h e  
chemical composition of rainfal l  for example, Andersson 1969, while 
through fall networks are an integral part of studies of the  distribution 
of interception. The following extract  from a review of the  subject 
by Leyton and Rodda ( 1970) covers many of the  important pointe . 
"The problem of smpling a variable th-f a l l  is discussed in some 
deta i l  by Reynolds & Leyton (1963) and Leyton et a t .  (1967), (1968). 
The aim is usually to obta in  a reasonably reliable estimate, generally 
one w i t h  a mean standard error of about ? 5% w i t h  a minimum number of 
meesurtments. The need f o r  solae statistical measure of the reliabiliQ 
of these measurements has not always been appreciated so that many 
of the  resulte that have been quoted for interception are of 
questionable reliability. Various types of collecting gauges have 
been used ranging from large troughs t o  s m a l l  stsndard type raingauges. 
The theoretical advantage of troughs is t h a t  because they sample more 
of the throughf a l l  fewer are needed. Eidmann ( 1959) and others used 
very long narrow troughs capable of sampling below the crown spread of' 
adjacent trees ; Stalfelt ( 1963) preferred triangular troughs. Reynolds 
& Leyton ( 1963) have described automatic recording techniques based on 
t l tipping bucket gaugee" and electromagnetic counters that 
considerably simplify t h e  problems of collecting and measuring 
the relatively large quantities of w a t e r  involved. 
There are various ways of increasing the accuracy of the estimates 
without increasing the number of gauges. The gauges can be 
moved to new randm positions after every storm ( W i l m  1943, 
Iioover 1953, Law 1957) or a corribination of fixed and movable 
gauges can be used (Wilm 1946, Reilly et 02. 19691, If there is 
a systematic pattern of throughfall, for example, a substantially 
linear increase in throughfall with distance from the tree stem, 
the number of gauges can be reduced by stratifying, i .e. sampling 
specified zones below t h e  crawn (~e t t r edge  st aZ. 1941) or by 
taking i n t o  account the regression of gauge catch on the  relative 
distance f r o m  the stem ( ~ e ~ n o l d s  & Leyton 1963) .'' 
Perhaps the division between network design and the  relationship 
between point and areal assessments is rather arbitrary, but 
there are some studies which concentrate more on the latter topic. 
4.1 POINT TO AREA RE LATI ON6 
The storm point rainfall to storm areal rainf'all relationship, which 
has been investigated frequently, fa l ls  best i n t o  this second 
c ~ t e g o r y ,  although of course, the form of the  network is an 
important consideration even here. Formulae for charseterising 
these area-depth relations were summarized by Court (1961) and there 
are other examples of this t ype of study ( ~ u m s  1964) . Models 
describing the  distribution of rainfall in convective I torms have 
been devised for the Southwestern United States (Fogel & Duckstein 
1969, Fogel & Duckstein 1970) and some particularly valuable 
investigations have been made i n  I l l i n o i s  (Buff & Neil1 1957, Huff 
1966) where in addi t ion ,  longer period rainfalls have been considered 
(Huff & Shipp 1969). Here correlation analyses were a l s o  
undertaken to depict the decay in association with increasing 
distance from a central gauge and t h i s  was repeated for 
different sizes of networks. S i m i l a r  studies have been carried 
out in the Soviet Union, where the representativeness of single 
gauges has been linked to the accuracy of computing the mean 
from a network (Kagan 1966, Kagan 19671, Guscina at al. 1967, 
Poliscuk 1967) . Other studies have been concerned with how to 
use these correlation techniques for areas w i t h  sparse networks 
(Hutchinson 1969). Where a dense network exists, relationships 
have been examined between the basin mean, calculated from all the 
gauges, and the  same quantity determined from a few key gauges 
(Andersson 1968, Collinge & Jamieson 19691, so that these few 
sites might be equipped w i t h  telemetering gauges for flood fore- 
casting purposes. In another study of storm rainfalls, rain 
recorders were used in con junc t ion  w i t h  radar echo observations 
to investigate distribution patterns (Amorocho et at.  1967). A 
similar investigation ( ~morocho & Brandstetter 1967) was concerned 
w i t h  the three parameter gamma distribution and l ow  order polynomials 
for temporal and spatial  f i t t i n g  of rain recorder records as an 
aid to the  analysis of data from a network, 
4.2 ASSESSMENT OF MEAN BASIX RAIKFALL 
The technique of P i t t i n g  a surface to r a i n f a l l  data has also  been 
applied for studies of quite large areas (Solomon et at. 1968, Umin 
1969) for small basins (Mandeville & Rod* 1970, Chidley & K e y s  
1970) as an alternative to the traditional methods of assessing the 
mean basin r a i d  a l l .  
The techniques of determining the average depth of precipitation 
over a b a s i n  have been reviewed a number of times (Whitmore e* aZ. 
1962, Corbett 1967, Rainbird 1967 ) . Several variations of the 
regression analysis type of approach (Bodda 1962) have been tried 
( ~ a w d y  & Langbein 1960, Peck & Brown 1962, Sute l i f fe  & Carpenter 
1967, McCulloch & Booth 1970) and mean bas in  p rec ip i ta t ion  has even 
been assessed as the sum of runoff and evaporation for 
areas with out  adequate netwark~ of gauger ( Wallen 1968) . 
Computer programs have been devised for assessment of m e a n  
basin precipitation i n  a number of different ways (Akin 1971) 
and t h e  accuracy of assessing t 4 e  mean has a lso  been explored 
(Hutchinson 1910) using the series analysis. 
Attention. continues to be given t o  t h e  relationship belxeen 
r a i n f a l l  and topography i n  various parts of the world. Detailed 
studies of distribution over a nuaiber of smll areas have also 
been made, particularly in Project Pluviua ( Andersson 1963, 1964) 
and in later Swedish studies (Sandborg 1969, 1970) using rain- 
gauges ins ta l l ed  level w i t b  the ground. The coefficient of 
variation was employed t o  describe differences across t h e  area 
being investig~ted in the earlier papers and for the later ones, 
in conjunction with the origin ofthe rain and wind direction. 
In another study (Sharon 1970) rainfal l  distribution across a 
s m a l l  catchment in fie Negev wm assumed to be complicated by the 
effect of wind on the gauges that were employed. 
A great nwber of walyssa of precipitgtion records hare been 
undertaken for single stations, and for basins, countries and even 
continents. National precipitation atlaees are aviilable for 
certain countries and regional atlases are being prepared under the 
&spices of WMO's Regional Associations, Much of the information 
in these atlasea eonaists of annual, seasonal, monthly and weekly 
means, but more specialised analyses are available for some 
countries. Quite a l o t  of attention has been given to the extremes - 
high intensity rainfall  and drought, while time series have been 
examined for evidence of climatic change. By fa r  t he  biggest gap 
in knowledge relates to rainfall over the oceans, for present 
techniques (Tucker 1961) are virtually limited to the use of 
reports of past and present oceanic weather for the assessment 
of amount and there i s  no information on intensities, frequency 
of rsin and other characteristics. 
5.1 INTENSE PRECIF'ITATIOrJ 
Probable maximum precipitation (PI@) studies have been conducted 
for various parts of the world but particularly for the United 
States. Generalised estimates of PMP have been computed, On 
the one hand f o r  tne halves of a complete country (U ,S.W ,B. 
1960) and on the  other f o r  much smaller areas ( ~ i n g l e t o n  & 
H e l l i w e l l  1969). The evolution of methods for estimating PMP 
have been reviewed (Myers 1969) and the concept severely crit ic ised 
(Yevjevich 19481, while an alternative to t h e  physical approach 
has been devised (~ershf ie ld  1961), This method is based on the 
use of the largest amounts of ra infa l l  ever recorded and has been 
employed in several areas (14cKay 1968) while the  cataloging of 
large amounts continues nationally (   leas dale 1963, C olenbrander 
& Vers traate 1967) and in ternat ional ly  ( p a u ~ u s  1965) , 
Frequency studies of intense rainfalls for di f f erent  durations 
have been undertaken in various parts of the world. The rainfall 
frequency atlas of the United States (Hershf i e l d  1966) is one of 
the best examples of t h i s  type of work, but there are similar 
studies from contrast ing regions, fo r  example, those by Reich 
(1963) and Lockwood (1967) . Other studies have been undertaken 
of rainfall characteristics t h a t  c m  be used fo r  design purposes 
(Smirnova. 1967, P i l g r i m  et aZ. 1969) #a studies have been made of 
the distribution of ra infa l l  in time during heavy storms (IIuff 
19671, in terms of the probabi l i ty  of certain mounts occurring 
within -particular periods during the stom. Comparisons have been 
made of the different extreme value f i t t i n g  procedures (Alexander 
st aZ. 1969, Alexander 1970). Of course, these special studies 
are usually concerned with point  samples and these are often 
assumed to be uncomelated when in fact  a storm occupies a 
finite area. One attempt to introduce three dimensions into 
rainfall fYequency studies (Alexander 1969) employs the idea 
of a storm mosaic f o r  use i n  mathematical models of' areal rainfall. 
5 -2 DROUGHT AND LONGER PER1 OD RELATIONS 
Studies of draught, as defined by absence of r a i n f a l l ,  have been 
carried out for  descriptive and predictive purposes for various 
parts of the  globe. Several reviews of the whole field of drought 
have been or are being undertaken (Subrahmanysm 1967). The 
probability of precipi ta t ion amounts f a l l i n g  short of a given 
quantity, such tts the mean, has been determined for s number of 
areas and i a  expressed in map form   haw gt at. 1960, Gibbs & 
Mather 1968)or as tables ( ~ o l i g a d o  1969),  or graphs (Bleasdale 1969). 
Such studies are of course particularly valuable for water resources 
purposes and in determining irrigation practices . One problem with 
these approaches is t h a t  drought exhibits persistence. At cer ta in  
sites, there is a tendency fo r  theobserved number of long dry 
periods to exceed tfie number predictedby theory, for example by 
binomial theory (Brooks & Carruthers 1953) and one Markov model 
( ~ e i s s  1964) , although another Markov model (~atterson & k g g  1967) 
and a random model (Fitzpstrick & Krishnan 1967) was found to 
produce an improved fit. Sequences over longer periods have also 
been examined t o  discover, if for example, the weather of one month 
is independent of another (~urray 1967, Stephenson 1967). No 
evidence was forthcoming , howwar, which j u s t i f i e d  assumptions about 
the nature of successive periods of weather being compensatoxy, i .e. 
a v e t  winter being followed by a dry summer. Seasonal amounts of 
rainfall  and their distributions have also been examined by 
harmonic analysis ( ~ i t z p a t r i c k  1964, Hastemath 1968). 
None of the other networks of hydroloecal instruments can 
match those employed fo r  assessing the distribution of 
precipi ta t ion in term of number of gauges and length of 
records . No other records are used so extensively, not only 
in hydrol- but also in a l l i e d  f ields,  No other records 
are as readily accepted as being correct when in fact they 
are not,  This problem of measurement is but one of the  points 
that remains to be solved (where precipitation is concerned) 
but should a gauge be devised that w i l l  provide a measure of 
the amount of water reaching the ground to a known degree of 
accuracy, then t h e  solution of most of the  other problems ahould 
be made simpler. So= of the topics that continue to demand 
the attention of research workers have been mentioned already 
and these and others are l i s t ed :  
6 1  MEASUREMENT AT .A POINT 
( 1) Improvement of observer read gauge methods of 
measuring 
(a) rainfal l  
(b) snowfal l  
( c )  other forms of precipi ta t ion to produce observations 
t o  a known degree of accuracy, 
(2) Development of reliable automatic instruments for 
recording (a) (b) m d  ( c )  preferably employing magnetic 
tape, that  can operate unattended at remote s i tes  for 
long periods. 
(I) Provision of an objective method of network design that 
w i l l  allow determination of numbers of gauges, their 
spacing and how long t h e  network should operate for 
the following ranges of conditions 
(a) for time periods from a f e w  minutes to 
a Year 
(ti) for basins of s izes  ranging from small urban 
areas to major rivers 
c)  for the various meteorological conditions 
( d) for the dif ferenl types of topography 
6.3 AREAL RELATIONS 
(1) Deve lopnt  of methods for determining the average 
depth over a basin, particularly methods that are 
appropriate for computer use and ones that are 
suitable for hydrological moaelli ng . 
(2)  Improvement of method for characterising t he  
distribution and depth of rain in storms, including 
use of radm. 
6.4 SPACE TIW ANALYSES 
(1) Further investigations of methods of assessing PMP 
( 2 ) Development of f i t t i n g  procedures for extreme events 
(3 )  Improvements of methods for describing the distribution 
of rainfall in time within s t o m  
( 4) Establishing objective drought criteria and improving 
methods of characterieing dry periods, their frequencies 
and durations. 
6.5 OTHER TOPICS 
(1) baluating whether or not rainfall can be profitably 
stimulated 
(2 )  Determining whether environmental. changes d f y  
precipitation regimes 
( 3) Development of remote sensing techniques of measurement 
and telemetry 
(4 )  Imprwement of methods of quelity control  of 
data, storage and retrieval. 
It might be argued that most of these topics are being 
currently researched and that solution8 m e  near in many 
cases. Nevertheless cansiderable efforts are stil l  required 
in these fields, hence the continuing interest of IASH in 
precipitation is a worthwhile function of the Association. 
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